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Polymerization of microtubular  protein  is  promoted 
by GTP but  not GDP.  GDP is shown to  inhibit  both  the 
rate and  extent of GTP-induced microtubule  assembly. 
The critical protein concentration for assembly was 
increased  from 0.3 mg/ml  with 200 JLM GTP to 0.8 mg/ 
ml with 200 JLM GTP and 600 JLM GDP. The relative 
binding constants for GDP and GTP to the tubulin 
exchangeable  binding site (E-site) are used to  quanti- 
tatively  analyze the mechanism by which GDP raises 
the  critical  protein  concentration and  thereby  reduces 
the  extent of microtubule assembly. 
Evidence that  guanine nucleotides  also interact  with 
microtubular protein at  a previously unknown, low 
affinity  binding  site is  supported by the following ob- 
servations. 
1. At a  constant  ratio of GDP/GTP, a greater  degree 
of inhibition of the  extent of microtubule  assembly was 
observed at higher  concentrations of total nucleotide. 
This result  cannot be accounted for by binding at only 
the E-site. 
2. Inhibition of microtubule  assembly by a  high con- 
centration of  GDP (3 mM) is not  reversed by increasing 
the GTP concentration to 7 m. Based  upon the disso- 
ciation  constants  for GDP and GTP at  the E-site,  tubulin 
would be largely saturated with GTP under  these con- 
ditions  and  should polymerize in  the absence of addi- 
tional nucleotide interactions. 
3. GTP specifically inhibits  microtubule  assembly at 
concentrations  greater  than 3 m M .  Inhibition of assem- 
bly by high  concentrations (7 m ~ )  of ATP and CTP is 
shown to involve  a  different mechanism. 
4. Microtubules are depolymerized by high concen- 
trations of GTP (>5 mM) or GDP (>2 mM). The  rate for 
this disassembly is greater  than  that observed during 
microtubule turnover following inhibition of polymer- 
ization,  suggesting that high Concentrations of guanine 
nucleotides  destabilize  microtubules by interacting  at 
a low affinity site. 
Microtubules  are assembled from  the dimeric protein  sub- 
unit, tubulin. The mechanism by which the assembly and 
disassembly of microtubules  are  regulated in vivo is unknown. 
However, the  characterization of conditions which favor as- 
sembly or disassembly in vitro has progressed rapidly in 
recent  years (for review, see Ref. 1). In  particular,  studies of 
tubulin-nucleotide interactions have revealed that microtu- 
bule assembly requires nucleoside triphosphates. While a 
variety of nucleoside triphosphates  can  induce microtubule 
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formation, only guanine  nucleotides are bound to  tubulin with 
high  affinity  (2, 3) .  The  tubulin  dimer  has two  binding sites 
for guanine nucleotides. One site is nonexchangeable (N-site)’ 
and releases GTP only upon  denaturation.  The  other  site (E- 
site) readily  exchanges  bound  nucleotide for GDP  or  GTP in 
the medium (3 ) .  The nonguanine nucleoside triphosphates 
have been proposed to induce tubulin polymerization indi- 
rectly  by phosphorylating  GDP  through a nucleoside diphos- 
phokinase reaction (3-5).  GTP promotes polymerization by 
interacting directly  with the  tubulin  E-site (3-5). 
GTP hydrolysis accompanies microtubule polymerization 
(6-8). However, it has been difficult to determine whether 
GTP hydrolysis is  required for microtubule assembly or dis- 
assembly, if either. Isolated microtubules  contain only GDP 
at the E-site (3 ,  4, 9, lo), indicating that phosphate bond 
hydrolysis occurs  after  microtubule assembly but before  dis- 
assembly.  Nevertheless,  analogs of GTP which are resistant 
to hydrolysis at the p-y phosphate bond (e.g. Gpp(NH)p) 
have been  shown to  promote  microtubule assembly (1 1). Since 
the  microtubules formed using these analogs exhibit  unusual 
stability in the presence of concentrations of calcium  which 
completely  depolymerize microtubules formed  with GTP,  it  
has been  suggested that hydrolysis of the  terminal  phosphate 
of GTP may be necessary  before microtubule disassembly can 
occur (4). However, studies using another analog of GTP 
which is resistant  to  phosphate bond hydrolysis at  the a-p 
position but  not  the p-y position (Gp(CH2)pp) give somewhat 
different  results. Using a quantitative colchicine binding assay 
for tubulin polymerization, Sandoval et al. (12) demonstrated 
that  Gp(CH2)pp  promotes polymerization of 98% of the avail- 
able  tubulin  into microtubules, while only 70% of the  tubulin 
was polymerized in the presence of GTP. Although the  ter- 
minal phosphate of Gp(CH8)pp  was  hydrolyzed, the rnicrotu- 
bules  formed with  this analog  were still  resistant  to depolym- 
erization  by  calcium. This  observation was supported by ad- 
ditional  studies which showed that  microtubules could  also  be 
formed using the nonhydrolyzable analog of GDP, Gp(CHz)p, 
in either  the presence or  absence of calcium (13). These  results 
suggest that hydrolysis of the a-P phosphate  bond  may be 
important for microtubule disassembly. 
The role of the  GDP in microtubule assembly and disassem- 
bly must be further elucidated  before  definitive  conclusions 
can be drawn concerning the function of p-y or a-p phosphate 
bond hydrolysis. A number of laboratories  have  reported  that 
GDP does not promote tubulin polymerization (4,  6, 13). 
’ The abbreviations used are: N-site, nonexchangeable binding site; 
E-site, exchangeable binding site; Gpp(NH)p, guanyl-5”yl imidiphos- 
phate;  Gp(CH2)pp, guanyl-5’-yl methylene  diphosphonate; Gp(CHn)p, 
guanosine 5”methylene diphosphonate; HB, reassembly buffer (0.1 
M 2-(N-morpholino)ethanesulfonic acid buffer, 0.5 m~ MgClz, 1.0 mM 
EGTA,  pH 6.8); MAPS, microtubule-associated  proteins; PEI, poly- 
ethyleneimine; EGTA, ethylene glycol bis(8-aminoethyl ether)N,- 
N,N‘,N’-tetraacetic acid. 
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Furthermore, GDP has been  shown  to inhibit GTP-induced 
microtubule assembly (4, 6, 8). Carlier and Pantaloni (14) 
recently studied polymerization of phosphocellulose-purified 
tubulin in the  presence of 5 mM Mg2+ and 3.4 M glycerol and 
found that in contrast  to earlier reports, the tubulin. GDP 
complex  could  participate in microtubule elongation after  the 
nucleation  step was carried  out  using GTP. 
The purpose of this report is t o  clarify the role of GDP in 
microtubule assembly and disassembly. We find that the  
tubulin.GDP  complex does not  participate in either  the  nu- 
cleation or the elongation of microtubules. GDP inhibition of 
the  rate and extent of GTP-induced  microtubule  assembly  is 
analyzed in terms of a mechanism  in  which the tubulin-GDP 
complex is not competent to polymerize.  Evidence for a low 
affinity  binding site for guanine nucleotides  is  presented. 
EXPERIMENTAL  PROCEDURES 
Methods 
Preparation of Microtubular Protein-Microtubular protein was 
prepared by a modification of the Shelanski (15) assembly-disassem- 
bly procedure. Fresh pig brains were homogenized with ice-cold 
reassembly buffer ( I  ml/g of brain) (0.1 M 2-(N-morpholino)- 
ethanesulfonic acid buffer, 0.5 mM MgClz, 1.0 mM EGTA, pH 6.8) 
containing 0.1 mM ATP in a Waring Blendor for 30 s. The  supernatant 
obtained from centrifugation (30,000 rpm, 75 min, 4°C) in a Beckman 
30 rotor was diluted with an equal volume of glycerol-reassembly 
buffer  (60.2  ml of glycerol: 24 ml of reassembly buffer) containing 1 
mM ATP and polymerized at 37°C for 30 min. The assembled micro- 
tubules were then sedimented (30,000 rpm, 75 min, 30°C) and the 
pellet stored at  -4OOC under glycerol-reassembly buffer. 
Immediately prior to  an experiment, the protein was further puri- 
fied by another cycle of polymerization to assure use of active protein. 
The pellets were resuspended in reassembly buffer (0.05 volume of 
the crude supernatant) by means of a Dounce homogenizer and 
depolymerized at 0°C for 30 min. After centrifugation (35,000 rpm, 20 
min, 0°C) in a Beckman 40 rotor,  the  supernatant was  polymerized as 
before and the microtubules sedimented (35,000 rpm, 75 min, 30°C). 
The pellets were resuspended in reassembly buffer (% the volume 
used in the previous polymerization), depolymerized (OT, 30 min), 
and centrifuged (35,000 rpm, 20 min, 0°C) to remove aggregates. The 
supernatant containing depolymerized protein was applied to a  Seph- 
adex G-25 column equilibrated with reassembly buffer to remove free 
nucleotides and glycerol. Sodium dodecyl sulfate-polyacrylamide 
(7.5%) gel electrophoresis (16) of the protein revealed the character- 
istic tubulin doublet and high molecular weight microtubule-associ- 
ated proteins (MAPS). Densitometric scans of these gels indicated 
that 87% of the protein was tubulin and 13%  was nontubulin protein. 
Protein concentrations were calculated from the absorbance at 278 
nm and  an extinction coefficient of 1.2 A/(mg/ml) ( 3 ) .  The ratio of 
the absorbance at 278 nm to  that  at 260 nm was consistently 1.42. 
Protein concentrations measured in the presence of added nucleotide 
were measured by the Bradford procedure (17)  using  purified micro- 
tubular protein as a  standard. 
Turbidity Measurements-Microtubule assembly was  followed  by 
measurement of the change in turbidity at 350 nm (18). Turbidity 
measurements were recorded from a  thermostated (37°C) Gilford 240 
spectrophotometer at 1-min intervals or with a chart recorder as 
required. Polymerization reactions (200 to 250 pl) were started by 
transferring cold protein (0°C) to thermostated cuvettes (37OC) con- 
taining nucleotide additions. The change in absorbance at 350  nm was 
found to be proportional to  the amount of microtubules sedimented 
(48,000 X g, 30 rnin, 37°C) following GTP-induced polymerization in 
the presence or absence of added GDP. Addition of high concentra- 
tions of nucleotides did not significantly change the pH (tO.l unit) of 
reaction mixtures. 
Measurement of GTPase Activity-GTPase activity was deter- 
mined from the hydrolysis of [y-"PIGTP. Reaction mixtures contain- 
ing 1300 p1 of 23 p~ tubulin and 50 pl of 6 mM [y-""PIGTP (20,000 
cpm/nmol) were incubated at 37°C with 150 pI of 6 mM GDP or RB. 
Aliquots (100 pl) were quenched in a boiling water bath  for 2 min, 
and an equal volume of [.'H]GTP (2,290 cpm/pl) was added to 
determine the recovery from subsequent steps. The solution was 
adjusted to 0.3 M perchloric acid and the protein removed by centrif- 
ugation. Nucleotides in the supernatant were isolated and  separated 
by thin layer chromatography on PEI-cellulose as described previ- 
ously (19). GTP hydrolysis was determined by the decrease in 
["PIGTP relative to recovered ['HIGTP. 
Measurement of Transphosphorylase Activity-Nucleoside di- 
phosphokinase (transphosphorylase) activity was determined by fol- 
lowing the conversion of ['HIGDP to [:'H]GTP in the presence of 
added ATP. Shortly before use, ["HIGDP was purified by thin layer 
chromatography on PEI-cellulose in order to remove radioactive 
contaminants. Reaction mixtures containing 15 pI of ATP (20 mM or 
200 mM), 35 pl of purified vH]GDP (8500 cpm/pl), and 400 1.11 of 
tubulin (31 p ~ )  were incubated at either 4OC or  37°C. The reactions 
were stopped at different times by centrifuging 5O-pl aliquots through 
1-ml columns of centrifuge-packed G-25 to separate the protein from 
exogenous nucleotide (ATP) (20). In separate experiments, it was 
found that only guanine nucleotides remain protein-bound under 
these conditions, and that  ATP and ADP are entirely removed by 
this procedure. The protein was eluted into 2% perchloric acid and 
the released nucleotides isolated and  separated by thin layer chro- 
matography on PEI-cellulose (19). Transphosphorylase activity was 
determined from the relative amounts of "H in the resolved spots 
containing GTP and GDP. The recoveries of [ 'HIGDP and [ 'H1GTP 
are identical in the purification procedure (determined in separate 
experiments), so that this method allows determination of the relative 
radioactivity in the nucleoside di- and triphosphates in reaction 
mixtures. 
Materials 
Guanyl-5"yl methylene diphosphonate (Gp(CHz)pp, which had 
from ICN. ["]GTP (specific activity 10.6 Ci/mmol) and [:'H]GDP 
been  purified by high pressure liquid chromatography, was purchased 
(specific activity, 8.91 Ci/mmol) and ,"'P, were obtained from New 
England Nuclear. [y-."P]GTP synthesized by a modification of the 
Glynn and Chappell method (21) in which activated charcoal was 
used to isolate the radioactive nucleotide (19). 
RESULTS 
GDP Does Not  Promote  Microtubule  Assembly-Microtu- 
bular  protein (2.9 mg/ml)  was  incubated at 37°C with  either 
GTP (490 p ~ )  or GDP (490 p ~ )  and polymerization  monitored 
by the increase in turbidity at 350 nm. After 15 min, the 
reaction  containing GTP had completely  polymerized (AAbsar,,, 
= 0.386), while the reaction  containing GDP remained  unpo- 
lymerized. At  this point,  an  aliquot ( 5  pl) of the  polymerized 
protein  from  the  reaction  containing GTP was  added  to the 
cuvette  containing  protein  incubated  with GDP. This did not 
induce  any  measurable  polymerization.  Identical  results were 
obtained  in  studies in which  the  magnesium  and GDP con- 
centrations  were  increased  to 2.5 mM and 2.0 mM, respectively. 
Thus, GDP does not promote either the initiation or the 
elongation of microtubules  under these experimental  condi- 
tions. 
Microtubule  Assembly Is Inhibited by GDP-The  effect of 
GDP on  GTP-induced  microtubule  assembly  was  determined 
by polymerizing microtubular protein (2 .2  mg/ml) at 37°C 
with GTP (160 p ~ )  and increasing  amounts of GDP (0, 320, 
640, and 960 p ~ ) .  As shown  in Fig. 1, GDP inhibits  both the 
rate  and the final  extent of microtubule  assembly. 
The amount  of microtubules formed in the absence and 
presence of added GDP was also determined by a method 
which  does  not  depend  on  turbidity  measurements.  Microtu- 
bules  were  isolated  after 60 min of polymerization  by  centrif- 
ugation  through a layer of 50% sucrose (22), and the amount 
of protein  in the pellet  determined  using  the  Bradford  assay 
(17). In  the presence of a %fold  excess of GDP over  GTP, 25%' 
less protein was sedimented than in the presence of GTP 
alone. As determined by simultaneous turbidity measure- 
ments, 24% less tubulin  was  polymerized  in  the  presence of 
added GDP after 60 min. The amount of protein  sedimented 
in  the  presence of colchicine  was  negligible ( ~ 1 % ) .  
Inhibition of the  Extent of Polymerization by GDP IS Not 
due to GTP Hydrolysis-Since GDP inhibits the rate of 
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microtubule assembly, a longer time is required for complete 
polymerization to occur  in reactions containing added GDP. 
Therefore, the possibility that  the final extent of polymeriza- 
tion had been limited by the availability of GTP had to be 
examined. The  rate of [y3'P]GTP hydrolysis was measured 
during polymerization in the presence and absence of a 3-fold 
excess of GDP over GTP (see "Methods"). The  rate of GTP 
hydrolysis was first order and had a half-life of 20 min in the 
absence of added GDP. In the presence of a %fold excess of 
GDP over GTP, the  rate of GTP hydrolysis was also first 
order, but had a longer half-time (66 min). Therefore, added 
excess GDP inhibits the  rate of GTP hydrolysis to  an equiv- 
alent extent as  it decreases the  rate of microtubule assembly. 
As a result, the same amount of GTP (80%) remains at  the 
completion of microtubule assembly in either the presence or 
absence of added GDP. Therefore, inhibition of the  extent of 
polymerization by GDP cannot be accounted for by depletion 
of available GTP. 
GDP  Inhibits  the  Extent of Polymerization by Increasing 
the Critical Protein Concentration-Microtubule assembly 
has been  proposed to occur by a condensation mechanism (18, 
23). According to  the theory developed  by Oosawa (24), this 
mechanism requires a critical protein concentration, which is 
approximately 1/Keq for microtubule elongation. Further- 
more,  for  increasing protein concentrations above the critical 
concentration, the amount of polymer  formed increases lin- 
early while the concentration of unpolymerized protein re- 
mains constant. The effect of nucleotides on microtubule 
assembly  was  analyzed  in terms of this mechanism. 
Microtubular protein (0.1 to 2.6 mg/ml) was incubated at 
37°C  with Gp(CHp)pp (200 p ~ ) ,  GTP (200 p ~ ) ,  or GTP (200 
p ~ )  and GDP (600 p ~ )  and the extent of polymerization 
determined by the change in absorbance at 350 nm (Fig. 2). 
The amount of protein polymerized in the presence of a 3-fold 
excess of GDP over GTP was reduced at each protein concen- 
tration relative to  the amount polymerized with GTP alone 
(Fig. 2). Furthermore, the lines describing the increase in 
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FIG. 1. Inhibition of the rate and extent of GTP-induced 
polymerization by GDP. Microtubular protein (2.2 mg/ml) was 
incubated at 37°C with 160 PM GTP and varying amounts of GDP. 
Polymerization was measured by the change in absorbance at 350 nm 
as described under "Methods." M, No GDP added; 0 " 0 , 3 2 0  













FIG. 2. Determination of the critical protein concentration 
for assembly. Microtubular protein (0.1 to 2.6 mg/ml) was incubated 
at 37°C with 200 p~ Gp(CH2)pp C W ) ,  200 p~ GTP (W), or 
200 PM GTP and 600 ~ L M  GDP ~D"--o). The reactions were  mom- 
tored at  350 nm to determine the length of time required for polym- 
erization to reach completion under each set of nucleotide conditions. 
The change in absorbance at 350 nm was determined by subtracting 
the absorbance of unpolymerized blanks from the absorbance of fully 
polymerized reactions at each protein concentration. 
1 
FIG. 3. The effect of GDP on the  extent of polymerization at 
different concentrations of GTP. Microtubular protein (2.6 mg/ 
m l )  was incubated at  37°C with 125 p~ GTP (W), 250 p~ GTP 
(M), or 500 p~ GTP (H) and concentrations of GDP as 
shown. Following complete polymerization (45 to 60 min), the change 
in absorbance at  350 nm was determined by subtracting the absorb- 
ance of an unpolymerized blank from the absorbance of the p o l p -  
erized reactions. 
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with GTP  and  reactions  with  GTP  and  GDP are parallel. This 
indicates  that  the  absolute  amount of additional  protein po- 
lymerized by GTP in  the absence of added  GDP is the  same 
at all protein concentrations.  Gp(CH2)pp promoted a greater 
extent of polymerization than  GTP  at  each  protein  concentra- 
tion,  consistent  with results  obtained previously using a col- 
chicine binding assay (12). 
Extrapolation of the curves relating polymerization with 
protein concentration  to a concentration at which there is no 
polymerization allowed estimation of a critical concentration 
for assembly equal  to 0.3 mg/ml  with GTP, 0.8 mg/ml  with 
GTP and a %fold excess of GDP, and 0.1 mg/ml  with 
Gp(CHdpp (Fig. 2). 
Inhibition by GDP Is Dependent on Both the GDP/GTP 
Ratio and the Concentration of GDP-The effect of GDP 
concentration (0 mM to 3 mM) on  polymerization was studied 
at three concentrations of GTP (0.125 m, 0.250 mM, and 
0.500 mM) which produce the  same  amount of microtubule 
assembly in the absence of added  GDP. The extent of polym- 
erization was determined by measuring the  change in absorb- 
ance at 350 nm  after  the reactions had  reached completion 
(45 min, 37°C). At each concentration of GTP, increasing 
amounts of GDP decreased the  extent of polymerization (Fig. 
3). Greater amounts of GDP were required to produce the 
same degree of inhibition at higher GTP concentrations. How- 
ever, the degree of inhibition  produced at a given GDP/GTP 
ratio was not  the  same for  different total  concentrations of 
nucleotide. For example, at a GDP/GTP ratio of 4/1, the 
extent of polymerization was 73%, 68%, and 21%  of the maxi- 
mal  when  reactions were carried out using 0.125, 0.250, and 
0.500 mM GTP, respectively. Thus,  the inhibition by GDP,  at 
a fiied  GDP/GTP  ratio, is greatest at high  nucleotide  concen- 
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FIG. 4. GTP concentration dependence for polymerization. 
Tubulin (20 p ~ )  was incubated at  37°C with different concentrations 
of GTP. Polymerization  was measured by the  change  in  absorbance 
a t  350 nm. A-A, 0, 7.5, or 9.5 mM GTP; M, 0.02 mM GTP; 
GTP; H, 4.9 mM GTP. 
M, 0.1 mM GTP; , 1.0 or 2.1 mM GTP; A-A, 3.5 mM 
MINUTES 
FIG. 5. Specificity for inhibition of polymerization by high 
concentrations of nucleoside triphosphates. Microtubular pro- 
tein (2.1 mg/ml) was incubated at 37°C with  different combinations 
of nucleoside triphosphate. Polymerization was measured by the 
change in absorbance a t  350 nm. D“-o, 7.5 nm GTP, 7.5 mM ATP, 
CTP; M, 1mM GTP  and 6.5 mM ATP. 
or 7.5 mM CTP w, 1 mM G T P  H, 1 mM GTP and 6.5 mM 
sequestration  at high  nucleotide concentrations.’ In separate 
experiments, it was found that with 3 mM GDP no polymeri- 
zation could be induced  with GTP  concentrations  as high at 
7 mM. 
GTP Concentration Dependence for Polymerization-The 
dependence of polymerization on GTP concentration  is shown 
in Fig. 4. Microtubular  protein (2.2 mg/ml) was polymerized 
with increasing amounts of GTP  and  the increase in turbidity 
followed at  350 nm. The maximal rate  and  extent of polym- 
erization were obtained using 0.10 to 2.1 mM GTP with incom- 
plete polymerization at very low and very high concentrations 
of GTP.  When  an equimolar concentration of GTP (20 p ~ )  
was used to induce assembly, polymerization reached only 
50% of that  attained  at  the optimal GTP concentrations. At 
The  greater inhibition seen at high total nucleotide concentrations 
with the 4/1 CDP/GTP  ratio  cannot  be  accounted for by changes in 
the binding of magnesium ion: (a) With  the  GDP/GTP  ratio fixed a t  
4/1, increasing concentrations of GDP  do  not remove Mgz’ from GTP 
since the  GDP/GTP  ratio  determines  the  distribution of the Mg’+, 
and this is constant. (b)  With the GDP/GTP ratio at 4/1 and the 
total nucleotide concentration  equal  to 2.5 mM, the  greater inhibition 
seen (as compared to the reactions with total nucleotide equal to 
0.625 mM or 1.25 mM) is not  the  result of GTP inhibiting  the  reaction 
of MgGTP.  Based on the binding constants for Mg’+ with ADP  and 
ATP (25), which are  assumed  to  be  equivalent  to  those for GDP  and 
GTP,  it is calculated that  the  GTP/MgGTP  ratio  is only 0.22 when 
GDP/GTP is 4 and  the  total guanine nuucleotide is 2.5 mM. At lower 
total nucleotide with the GDP/GTP ratio fixed a t  4/1, the GTP/ 
MgGTP  ratio is smaller.  With  these low ratios of GTP/MgGTP,  the 
GTP does not  inhibit  the  reaction of MgGTP since in the  absence of 
added  GDP,  microtubules  form, readily using 0.5 mM Mg’+ and 2.5 
mM GTP (see “Results”).  Under  these conditions, the  GTP/MgGTP 
ratio is about 4/1. Since assembly is  not  inhibited with GTP/MgGTP 
equal to 4/1, it is  not  expected  to be inhibited with  a 0.22/1 ratio. (c) 
In  these  experiments,  the inhibition is not  due  to nucleotide seques- 
tering Mg’+ away from the protei.\ since assembly occurs in the 
presence of 6.5 mM ATP  and 1.0 rnh GTP (see  Table I). Nucleotide 
binding of Mg’+ under  these  conditions will be  greater  than in the 
reactions  shown in Fig. 3. 
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concentrations of GTP above 3 mM, inhibition of both  the 
rate  and  extent of polymerization  was  observed. 
Inhibition of Polymerization by High Nucleotide  Concen- 
trations-High concentrations of nucleoside triphosphates 
(7.5 mM GTP, 7.5 mM ATP,  and 7.5 mM CTP)  inhibit polym- 
erization (Fig. 5; Table I, Reactions 2 to  4). However, when 
GTP (1.0 mM) was added to reaction mixtures containing 
ATP (6.5 mM) or CTP (6.5 mM), the total concentration of 
nucleoside triphosphate was unchanged, but polymerization 
was no longer inhibited (Fig. 5; Table  I,  Reactions 5 and  6). 
This indicates that  the inhibition by high GTP (Fig. 4) is not 
due to sequestering Mg'+ away from the protein since the 
Mg2' available to  the  protein is expected to be the  same  with 
7.5 mM GTP (where  no assembly occurs)  as with 6.5 mM ATP 
plus 1 mM GTP (where assembly occurs).  Furthermore,  the 
inhibition seen  with 7.5 mM GTP is not  due  to  GTP inhibition 
of the reaction of MgGTP since the  GTP/MgGTP  ratio is 
identical with 7.5 mM GTP (where no assembly occurs) as 
with 6.5 mM ATP plus 1.0 mM GTP (where assembly occurs).:' 
In similar experiments involving other nucleotides, GTP 
(2.0 mM) promoted polymerization in  the presence of ADP 
(7.5 mM) or CDP (7.5 mM), but  not  GDP (7.5 m) (Table I, 
Reactions 7 to  9).  There was no  inhibition of polymerization 
by Gp(CH2)pp even at  concentrations as high as 7.5 mM 
(Table I, Reaction 11). Furthermore, Gp(CH2)pp (2.0 mM) 
was able  to  promote polymerization  in the presence of ATP 
(7.5 mM) but  not  GTP (7.5 mM) or  GDP (7.5 mM) (Table I, 
Reactions 12 to  14). 
The possibility that high concentrations of GTP result in 
an irreversible change in the  microtubular  protein was  inves- 
tigated by incubating  microtubular  protein (6.0 mg/ml) with 
7.5 mM GTP for 30 min at  4°C. The  reaction  mixture was then 
diluted 4-fold into reassembly  buffer at  37°C to give protein 
(1.5 mg/ml)  and 1.9 mM GTP.  The  diluted  reaction  mixture 
which had been incubated with  a  high concentration of GTP 
polymerized at an identical rate  and  to  the  same final extent 
as a control in which polymerization was measured using 
microtubular  protein (1.5 mg/ml)  and 1.9 mM GTP without 
prior  incubation at  a  high concentration of nucleotide. Thus, 
the effect of inhibition by high concentrations of GTP (7.5 
mM) is rapidly reversed  upon lowering the  GTP concentration. 
Mechanism for Inhibition of Polymerization by High  Con- 
centrations of ATP-The observation that polymerization 
was prevented in the presence of  7.5 mM ATP or 7.5 mM GTP 
(Table  I,  Reactions 2 and  3)  but  not  in  the presence of 6.5 mM 
ATP  and 1.0 mM GTP  (Table I, Reaction  5) suggested that 
high concentrations of ATP  and  GTP  inhibit polymerization 
by different  mechanisms. It was possible that in the  absence 
of added GTP, high concentrations of ATP could prevent 
polymerization by competing with the relatively low concen- 
trations of endogenous guanine nucleotide  for  binding to  the 
E-site. Alternatively, the  activity of the  transphosphorylase, 
which generates GTP from  endogenous GDP  and  added  ATP, 
could be inhibited by high concentrations of ATP (5 ,  26). In 
either case, addition of 1.0 mM GTP  to a reaction  containing 
7.5 mM ATP would be expected to overcome the inhibited 
step. 
In  order  to analyze the effect of ATP  on  guanine nucleotide 
binding to  the  E-site,  microtubular  protein (2.0 mg/ml) was 
incubated a t  4°C  with  a trace  amount of ['HIGDP (118,000 
cpm)  in  the  absence  and presence of ATP (6.6  mM). After 5 
min, the reaction mixture (50 111) was  centrifuged through a 1- 
ml G-25 column to  separate  protein-bound nucleotide from 
unbound nucleotide (20). After correcting for protein yield 
' The  NTP/MgNTP ratio is 7/0.5 for all NTP's in solution,  with 
0.5 mM Md' and a total concentration of 7.5 mM NTP. 
TABLE I 
Effects of high  nucleotide  concentrations  on microtubule assembly 
R maxi- 
Maxi-  mum ex- 
Nucleotides  added  mum  tent of 






1 2.0mMGTP 0.125 100 
2 7 . 5 m ~  GTP 0.002 9 
3 7.5mMATP 0.002  7 
4 7 . 5 m ~  CTP 0.002 10 
5 1.0 mM GTP + 6.5 mM ATP 0.016 63 
6 1.0 mM GTP + 6.5 mM CTP 0.045 86 
7 2.0 mM GTP + 7.5 mM GDP 0.OOO 0 
8 2.0 m~ GTP + 7.5 mM ADP 0.125 100 
9 2.0 mM GTP + 7.5 mM CDP 0.125 100 
10 2.0 mM Gp(CHz)pp 0.213 150 
11 7.5 mM Gp(CH2)pp 0.213 150 
12 2.0 mM Gp(CHn)pp + 7.5 mM ATP 0.068 66 
13 2.0 mM Gp(CHa)pp + 7.5 mM GDP 0.OOO 0 
14 2.0 mM Gp(CHs)pp + 7.5 mM GTP 0.OOO 0 
The change in absorbance at 350 nm was recorded to obtain the 
maximum rate of polymerization and the final extent of polymeriza- 
tion. 
The  extent of polymerization obtained with 2.0 mM GTP  is used 
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FIG. 6. Inhibition of transphosphorylase activity by high 
concentrations of ATP. Transphosphorylase activity was measured 
by following the conversion of ["HIGDP to [:'H]GTP in the presence 
of ATP  as described under "Methods." Microtubular protein (29 mM) 
and a trace amount of  [:'H]GDP were incubated with 7.5 mM ATP at 
either 0°C (W) or 37OC (H) or with 0.75 mM ATP  at OoC 
(-). 
from the column (60%), it was found that 59% of the  added 
GDP was tubulin bound in the absence (42,000 cpm) and 
presence of (42,250 cpm)  ATP (6.6  mM). Thus,  ATP in great 
excess (350-fold) of endogenous guanine nucleotide did not 
affect GDP binding and could not  account for inhibition of 
polymerization  observed with high ATP concentrations. 
The effect of high concentrations of ATP on transphos- 
phorylase activity was  analyzed by incubating a trace  amount 
of ["HIGDP with microtubular  protein  and  ATP  and following 
the conversion of ["HIGTP as described under "Methods." At 
a concentration of ATP (0.75 mM) which effectively promotes 
polymerization, GDP was rapidly phosphorylated to form 
GTP (Fig. 6). Although microtubule assembly  precludes the 
measurement of transphosphorylase activity with 0.75 mM 
ATP  at 37"C, the  formation of  50% GTP  after only 8 min at 
0°C  indicates  that  the  rate of transphosphorylation would be 
sufficient to mediate microtubule assembly at  37°C. At a 
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FIG. 7. Specificity of depolymerization of microtubules by 
high concentrations of nucleoside diphosphates  and  triphos- 
phates. Microtubular protein (2.5  mg/ml) was assemhled using ATP 
(240 p ~ ) ,  After 10 min (arrow), polymerization was complete and 
nucleotides were added to give a final concentration of 6 mM. The 
decrease in absorbance at 350 nm following nucleotide additions was 
measured using a chart recorder. Addition (at 10 min) of 6 mM ATP 
or ADP (M), 6 mM GTP (A-A), or 6 mM GDP (H). 
Absorbance measurements have been corrected for dilution (5 p1 in 
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FIG. 8. Effect of GTP concentration  on depolymerization by 
GDP. Microtubular protein (2.2 mg/ml) was assembled using either 
0.1 mM GTP or 1.0 mM GTP.  The same final extent of polymerization 
was attained under these conditions. After 10 min (arrow), nucleotides 
were added and the decrease in absorbance at 350 nm followed using 
a chart recorder. Polymerization with 0.1 mM GTP and addition 
mM GDP (M), or 8 mM GDP or 16 mM GTP (M). Polym- 
(arrow) to a final concentration of 2 mM GTP or GMP (A-A), 2 
erization with 1.0 mM GTP and addition (arrow) to a final concentra- 
tion of 2 mM GDP (M). Absorbance measurements have been 
corrected for dilution (5 pl in 205 pl) following nucleotide additions. 
higher concentration of ATP (7.5 mM), polymerization was 
prevented,  and  the  rate of GTP formation was significantly 
inhibited. At 37”C, 50 min were required to phosphorylate 
50%  of the  E-site  GDP, suggesting that high concentrations of 
ATP (7.5 mM) prevent polymerization  by  inhibiting the  for- 
mation of GTP. 
GDP Depolymerizes  Microtubules-Microtubular protein 
(2.6 mg/ml) was polymerized with ATP (240 p ~ )  to form 
microtubules. Following complete polymerization, an  aliquot 
(5 p l )  of either  ATP (250 mM), ADP (250 mM), GTP (250 mM), 
or  GDP (250 mM) was added  to  the  microtubule solution (205 
pl) to give a final concentration of 6 mM added nucleotide. 
Addition of GDP depolymerized the preformed microtubules 
instantly (Fig. 7). An equivalent concentration of ATP or 
ADP (6 mM) had  little effect on  microtubule  stability, indi- 
cating  that depolymerization  was specific for  guanine  nucleo- 
tides. The specificity indicates that chelation of Mg2+ by 
added nucleotide does not account for the effect. Further 
proof of this  point is that  addition of  Mg’+ (6 mM) prior to  the 
addition of GDP (6 mM) did not  prevent  microtubule disas- 
sembly. The nucleotide specificity for  depolymerization was 
unchanged when GTP (125 p ~ )  wasused to form microtu- 
bules.  However, the degree of depolymerization by GDP was 
dependent  on GTP concentration  (Fig. 8). When  microtubules 
were  formed in  the presence of either 0.1 mM GTP or 1.0 mM 
GTP,  the  same  final  extent of polymerization was attained 
(Fig. 8). However, addition of GDP  (2 mM) depolymerized the 
microtubules formed  with 0.1 m GTP by 55%, whereas  the 
same  amount of GDP  (2 mM) effected  only 20% depolymeri- 
zation at the higher GTP concentration (1.0 mM) (Fig. 8). 
Addition of GTP (2 mM) or  GMP  (2 mM) had no effect on 
microtubules assembled  with 0.1 m~ GTP. However, at  very 
high concentrations of GTP (16 m), these  microtubules were 
completely  depolymerized. 
DISCUSSION 
GDP  Does  Not  Promote  Tubulin  Polymerization-Studies 
using nonhydrolyzable  analogs of GTP suggest that  phosphate 
bond  hydrolysis is not  required for microtubule assembly (4, 
11). Nevertheless, GTP is  converted  to  GDP at the  E-site of 
isolated microtubules (10) and  it  has been  proposed that  the 
tubulin.  GDP complex should  participate in microtubule as- 
sembly (14). However, we find that  when  GDP was added  to 
microtubular  protein in the  absence of GTP,  no polymeriza- 
tion resulted. Furthermore, the tubulin. GDP complex was 
unable  to  participate in the elongation of microtubules which 
had previously been  formed  with GTP (see  “Results”).  These 
observations  are similar to  those  found by Weisenberg et  al. 
(4) but differ from those described recently by Carlier and 
Pantaloni (14). The latter authors found that the tubulin. 
GDP complex could participate in microtubule elongation 
after the initiation step was carried out using GTP. They 
suggested that previous attempts  to observe polymerization 
of the  tubulinaGDP complex could have failed because the 
protein concentration was below the critical concentration for 
assembly by GDP. However, our  experiment was  performed 
at  a concentration of microtubular protein (2.9 mg/ml) in 
great excess of the critical concentration (0.6 mg/ml) which 
they described  for  polymerization of the  tubulin.  GDP com- 
plex. The  unique  observations described  by Carlier  and  Pan- 
taloni (14) may reflect the use of polymerization conditions 
which included high concentrations of glycerol (3.4 M )  and 
Mg‘+ (5 mM) but  omitted  the microtubule-associated proteins 
required for  polymerization under  other conditions. 
The inability of GDP  to  initiate polymerization or  promote 
elongation of previously formed microtubules suggested that 
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GDP formed an inactive tubulin-GDP complex. Since GTP 
and GDP rapidly exchange at the same site on tubulin (27), 
the effect of GDP on GTP-induced polymerization  could  be 
described by the following equilibria: 




According to this model, tubulin will polymerize to form 
microtubules only  when GTP is bound at  the tubulin E-site. 
When GDP is bound at  the E-site, an inactive tubulin - GDP 
complex is formed which cannot polymerize until GDP is 
displaced by GTP  to form tubulin-GTP. As the active tubulin. 
GTP complex  is incorporated into microtubules, the remain- 
ing  unpolymerized tubulin dimers can re-equilibrate with free 
nucleotide to form additional tubulin GTP complex  which is 
competent to polymerize. This model predicts that increasing 
amounts of GDP would reduce that  rate of polymerization by 
depleting the  amount of tubulin-GTP present at any given 
time. According to  the condensation mechanism for assembly 
(23,24), polymerization will continue until the critical concen- 
tration of active tubulin.GTP complex is reached. At this 
point, the amount of unpolymerized tubulin will be the sum 
of the critical concentration of tubulin -GTP complex and 
inactive tubulin. GDP complex. Thus,  a more subtle result of 
this model is that GDP can also reduce the final extent of 
polymerization by maintaining a pool of inactive tubulin. 
GDP complex  in equilibrium with the critical concentration 
of tubulin-GTP. This model  was tested by polymerizing tu- 
bulin with GTP and increasing concentrations of GDP. As 
shown in Fig. 1, GDP inhibits both the  rate and final extent 
of assembly  with GTP, consistent with the predictions of the 
equilibria written in Equation 1. 
GDP Inhibits  the Extent of Polymerization by Increasing 
the Critical Protein Concentration-The model for GDP 
inhibition of the  rate and extent of polymerization (Equation 
1) can also  be quantitatively analyzed in the context of the 
condensation mechanism for polymerization. If, as proposed, 
GDP reduces the extent of assembly by maintaining an inac- 
tive pool of tubulin-GDP complex in equilibrium with the 
critical concentration of active tubulin-GTP complex, then 
GDP should increase the observed critical protein concentra- 
tion for  assembly. Since the relative amounts of tubulin-GTP 
and tubulin-GDP are defined by the dissociation constants for 
GTP and GDP from the tubulin E-site, the theoretical change 
in critical concentration in the presence of added GDP can be 
calculated as follows. The concentration of unpolymerized 
tubulin bound to GDP or GTP is given  by Equations 2 and 3: 





K w r  
where K C ~ p  and KGTP are  the dissociation constants for GDP 
and  GTP, respectively. Thus, the relative amount of unpolym- 
erized tubulin bound to  either  GDP or GTP  at any given time 
is described by Equation 4: 
Tubulin-GDP  GDP KGTP 
Tubulin-GTP - GTP KGDP 
- 
The dissociation constants for GDP and GTP from tubulin 
have recently been determined in our laboratory using the 
Hummel-Dryer method (27). GTP was found to bind to  the 
tubulin E-site 2.8-fold tighter than GDP; therefore, 
Tubulin-GDP GDP 1 
Tubulin-GTP GTP 2.8 
=” 
When polymerization reaches completion, 20% of the  GTP 
has been converted to GDP in either  the presence or absence 
of added GDP (“Results”). Therefore, in the experiment 
shown in Fig. 2, the GDP/GTP  ratio  is 640/160 = 4 in the 
presence of added GDP at the completion of assembly. From 
Equation 5, the relative amount of tubulin bound to  GDP and 
GTP will, therefore, be  4/2.8 = 1.43 under these conditions. 
In  the absence of added GDP, an insignificant amount (-8%) 
of  unpolymerized tubulin is bound to GDP and the observed 
critical protein concentration (0.3 mg/ml) consists primarily 
of tubulinaGTP complex (Fig. 2). Therefore, in the presence 
of a  GDP/GTP  ratio of  4, the concentration of tubulin.  GDP 
complex in equilibrium with the critical concentration of 
tubulin-GTP will  be  1.43 X 0.3 = 0.43 mg/ml, and the  apparent 
critical concentration will be 0.3 + 0.43 = 0.73 mg/ml. Thus, 
the critical concentration observed in the presence of added 
GDP (0.8 mg/ml) (Fig. 2) is in  excellent agreement with the 
calculated critical concentration (0.73 mg/ml) for these exper- 
imental conditions. 
According to  the condensation mechanism for  polymeriza- 
tion, at increasing protein concentrations in excess of the 
critical concentration, a constant concentration of unpolym- 
erized protein remains in equilibrium with a linearly increasing 
amount of polymer. Therefore, if GDP reduces the extent of 
polymerization by maintaining a pool of unpolymerized tu- 
bulin-GDP complex  in equilibrium with the critical concen- 
tration of tubulin-GTP, then the absolute amount of addi- 
tional protein which  does not polymerize in the presence of a 
constant GDP/GTP  ratio should be independent of protein 
concentration. This situation would result in parallel lines 
describing the extent of polymerization as  a function of tubulin 
concentration in the absence and presence of added GDP. 
This was  found to be the case (Fig. 2), indicating that GDP 
maintains a constant amount of inactive tubuli-GDP com- 
plex in equilibrium with the critical concentration of tubulin. 
GTP complex. 
As shown  previously  using a colchicine  binding assay (12), 
Gp(CH2)pp polymerizes a greater fraction of tubulin than 
GTP. Consistent with this observation, reactions carried out 
with Gp(CHz)pp have a reduced critical concentration for 
assembly (0.1 mg/ml) and a greater slope for polymer forma- 
tion as a function of tubulin concentration than reactions 
carried out with GTP (Fig. 2). 
Inhibition by GDP  is Dependent  on Both the GDP/GTP 
Ratio  and the  Concentration of GDP-As shown  in  Fig. 2, 
GDP can reduce the extent of tubulin polymerization by 
increasing the critical protein concentration for  assembly. The 
degree to which GDP increases the  apparent critical concen- 
tration depends on the amount of tubulin-GDP complex 
formed. Since the critical concentration of tubulin-GTP is 
constant (0.3 mg/ml), the amount of tubulin-GDP complex 
formed depends only on the  GDP/GTP ratio and the relative 
binding constants for GDP and GTP  to  the tubulin E-site, as 
given  by Equation 5 (the denominator of the left-hand term 
is fixed as the critical protein concentration, 0.3 mg/ml). 
Therefore, at a fixed concentration of GTP,  the  amount of 
tubulin.GDP complex will  be proportional to GDP concen- 
tration, resulting in a linear decrease in the extent of polym- 
erization as  a function of increasing GDP concentration. How- 
ever, as shown in Fig.  3, the decrease in extent of polymeri- 
zation by GDP deviates markedly from linearity at high GDP 
concentration. These results suggest that  the mechanism for 
GDP inhibition given  in Equation 1 is incomplete for describ- 
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ing reactions with high concentrations of GDP.  Another way 
of looking at  these results is that when polymerization is 
carried out with a constant  ratio f GDP/GTP,  but at  different 
concentrations of total nucleotide, microtubule assembly is 
inhibited to a  greater extent a t  higher nucleotide concentra- 
tions (Fig. 3). Since the amount of tubulin-GDP complex 
depends only on the relative amounts of added GDP and 
GTP, these  results  cannot be accounted for by interaction of 
guanine nucleotides a t  only the E-site. 
The appearance of additional nucleotide effects  on polym- 
erization at  high GDP concentrations  required that  the ex- 
periment (Fig. 2) used to analyze the mechanism for GDP 
inhibition described by Equation 1 involve reactions  contain- 
ing minimal concentrations of nucleotide. For this reason, 
concentrations of GTP (200 p ~ )  were chosen such that maxi- 
mal polymerization could be attained without requiring very 
high concentrations of GDP  to significantly compete for bind- 
ing to  the tubulin  E-site. While the  extent  to which microtu- 
bules are affected by additional nucleotide interactions  cannot 
be directly quantitated for these conditions, the results shown 
in Fig. 3 indicate that with 0.25 m~ GTP  and 1 mM GDP, 
significant deviation from linearity has not occurred. This 
suggests that  the even lower nucleotide concentrations (0.2 
mM GTP  and 0.6 m~ GDP) used to analyze the effects of 
GDP mediated by binding to the tubulin E-site are below 
those at  which additional nucleotide interactions become sig- 
nificant. Furthermore, the excellent agreement between the 
results predicted for GDP inhibition according to  the mecha- 
nism described by Equation 1 and  the experimental observa- 
tions obtained using low nucleotide concentrations (Fig. 2) 
also suggests that nucleotide interactions at  a site  other  than 
the E-site are negligible under  these experimental conditions. 
Inhibition of Polymerization by High Nucleotide Concen- 
trations-Penningroth and Kirschner (5) have suggested that 
inhibition of polymerization by high concentrations of nucleo- 
tides is nonspecifk and results from conversion of 36 S rings 
to 6 S tubulin dimers. We also find that high concentrations 
(7 mM) of a  variety of nucleoside triphosphates and diphos- 
phates convert rings to tubulin dimers4 and prevent  microtu- 
bule assembly (Fig. 5). However, evidence for nucleotide in- 
hibition of polymerization by a specific mechanism was pro- 
vided by incubating  tubulin with different nucleoside triphos- 
phates at the same final concentration (7.5 m ~ )  (Fig. 5). 
Microtubule assembly was completely prevented by 7.5 mM 
GTP,  ATP, or CTP,  but not with 1.0 m~ GTP  and 6.5 mM 
ATP  or 1.0 mM GTP  and 6.5 m~ CTP (Fig. 5). These results 
indicate that inhibition of polymerization by high concentra- 
tions of nucleoside triphosphate is specific and that sequester- 
ing of Mg“+ by added nucleotide is not responsible for the 
effects (see “Results” and footnote 2). 
Mechanism  for Inhibition of Polymerization by High Con- 
centrations of ATP-The inhibition by high concentrations 
(7.5 mM)  of ATP  and  CTP can be reversed by the addition of 
GTP (1.0 mM). The possibility that high concentrations of 
ATP could prevent polymerization by competing at  the E-site 
with the much lower concentrations of endogenous GTP 
(formed by the transphosphorylase  reaction) was ruled out by 
showing that  the same amount of guanine nucleotide is bound 
in the absence and presence of ATP (6.6 mM) (“Results”). 
However, high concentrations of ATP (7.5 m) did inhibit the 
transphosphorylase reaction required for ATP-induced PO- 
lymerization (Fig. 6). Thus,  the addition of GTP (1 mM) was 
able to bypass the inhibition produced by high concentrations 
of ATP because GTP can promote polymerization by inter- 
acting directly with the tubulin  E-site. 
L. Jameson and M. Caplow. unpublished observations from stud- 
ies using Sepharose 6B. 
Depolymerization of Microtubules by Guanine Nucleo- 
tide-High concentrations of guanine nucleotides disassemble 
previously formed microtubules (Figs. 7 and 8) .  When previ- 
ously formed microtubules were exposed to high concentra- 
tions (6 mM) of ATP, ADP, GTP,  or GDP, only the addition 
of guanine nucleotides resulted in significant depolymerization 
(Fig. 7). 
It was also observed that concentrations of GTP or GDP 
which completely prevent polymerization only partially de- 
polymerize previously formed microtubules. For example, 
with 0.1 m~ GTP  and 2.0 m~ GDP, polymerization is com- 
pletely prevented (Fig. 3). However, when microtubules were 
polymerized with 0.1 m~ GTP and then exposed to 2 mM 
GDP, the microtubules were depolymerized to only 45% of 
their original extent (Fig. 8). Although decreasing the  GDP/ 
GTP ratio reduces the degree of depolymerization by GDP 
(Fig. 8), in  qualitative  agreement with the earlier  results which 
showed that a  greater  extent of polymerization occurred at  
lower GDP/GTP ratios, the mechanism by which the different 
final extents of polymerization are  attained when nucleotides 
are added before and  after microtubules are formed requires 
further study. 
Nucleotide-induced disassembly could occur by destabiliz- 
ing previously formed microtubules, by preventing the  further 
addition of tubulin to microtubules which have reached a 
steady state assembly-disassembly, or both. However, tubulin 
turnover a t  steady  state  has been reported  to be very slow 
(0.7 phi/h) (22). Tubulin  turnover  in  our microtubules is also 
slow. For example, when 6 mM ATP is added to microtubules 
at  steady state (Fig. 7), the transphosphorylase is inhibited 
(Fig. 6), thereby preventing further addition of tubulin to  the 
microtubule. Under these conditions, the  rate of depolymeri- 
zation of microtubules is very slow (Fig. 7). In contrast, when 
6 mM GDP is added to preformed microtubules, disassembly 
is virtually instantaneous (Fig. 7). Therefore, the rapid rate of 
depolymerization by high concentrations of GDP  and  GTP 
cannot be accounted for by a mechanism in which only 
microtubule assembly is prevented. Rather, high concentra- 
tions of GDP  and  to a lesser extent, GTP, destabilize pre- 
formed microtubules to bring about rapid disassembly. 
Evidence for a New Guanine Nucleotide Binding Site- 
The effects of high concentrations of GDP and GTP on 
microtubule assembly and disassembly suggest a new element 
in the interactions between guanine nucleotides and micro- 
tubular protein. The following observations indicate that gua- 
nine nucleotides may affect  the assembly-disassembly process 
by interacting with tubulin and/or microtubules or a micro- 
tubule-associated protein at  a previously unrecognized low 
affinity binding site. 
1. At a constant ratio of GDP/GTP, a greater degree of 
inhibition was observed a t  higher concentrations of total 
nucleotide (Fig. 3). Since the relative  amounts of GDP  and 
GTP bound to the E-site will be the  same  at each  concentra- 
tion of total nucleotide, the results cannot be accounted for 
by binding only at  the E-site. 
2. Inhibition of microtubule assembly by a high concentra- 
tion of GDP (3 mM) is not reversed by increasing the  GTP 
concentration, even with concentrations as high as 7 mM. 
Based upon the dissociation constants for GDP and GTP  at 
the E-site (27), tubulin would  be largely saturated with GTP 
under  these  condition^,^ and polymerization should occur in 
the absence of nucleotide interactions at  some site  other  than 
’ From Equation 4, with KU equal to 6.1 X M for GDP and 2.2 
X IO-* M for GTP (27L the (tubulin-GDP)/(tubulin-GTP) is 0.15, 
with 3 mM GDP and 7 mM GTP. Therefore, the E-site would be 87% 
occupied by GTP, SO that microtubule assembly is expected in the 
absence of some other interaction. 
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the E-site. 
3. GTP, which is required  for polymerization in low concen- 
trations (0.1 to 2 mM), inhibits assembly at  high concentrations 
(>3 mM) (Fig. 5 ) .  This result cannot be accounted for by 
assuming that  GTP only interacts  at  the  tubulin  E-site. 
4. The inhibition of polymerization  by guanine nucleotides 
is specific. Lower concentrations of GDP (-3 mM) than  GTP 
(-7 mM) are  required to completely prevent polymerization. 
Inhibition by high concentrations of nonguanine nucleoside 
triphosphates is reversed by addition of GTP which  bypasses 
inhibition of the  transphosphorylase by these nucleotides. 
5 .  Microtubules which have been previously formed are 
specifically depolymerized by GDP  and  GTP. Lower concen- 
trations of GDP (8 mM) than  GTP (16 mM) are  required  to 
effect complete  depolymerization. High  concentrations of 
GDP and GTP could prevent microtubule assembly by a 
substrate inhibition mechanism in  which more  than 1 nucleo- 
tide molecule binds  to  the  tubulin  E-site  to  form  an  unreactive 
protein  .ligand complex. However, the  observation  that  these 
nucleotides also depolymerize microtubules, which no longer 
exchange  guanine  nucleotide at the E-site (4), favors  an  alter- 
native  interpretation in which  high concentrations of guanine 
nucleotides interact a t  a different site. 
6. The  almost  instantaneous  rate of depolymerization by 
high concentrations of GDP and GTP suggests that these 
nucleotides bring about disassembly by acting directly to 
destabilize the preformed microtubules. 
Based on  these preliminary  studies, we propose that micro- 
tubular  protein  has a  binding site  for millimolar concentra- 
tions of guanine  nucleotides. Previous  studies  on  the stoichi- 
ometry of tubulin-bound guanine  nucleotide  could not  have 
detected this site because it would be dissociated at  low 
nucleotide and  tubulin  concentrations (CO.1 mM). 
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